future HVHF jobs or discharge, and threats to the natural environment and human exposure. 54
The identification and quantification of individual organic compounds among the 55 complex mixture of additives, oil and gas compounds, NOM, and transformation products 56 requires diverse sample preparation and analytical techniques (Ferrer and Thurman, 2015a) . 57
Mass spectral techniques provide data of variable confidence ranging from having only the exact 58 masses of interest to having confirmed structures by reference standards (Schymanski et al., 59 2014). Gas chromatography paired with mass spectrometry has been traditionally used to 60 identify hydrophobic oil and gas hydrocarbons found in produced waters (Ferrer and Thurman, (Ziemkiewicz and He, 2015) . Of these surfactants, only ethylene glycol and 177 propylene glycol were reported quantitatively and neither of these studies appear in the peer 178 reviewed literature (Hayes, 2009; Wolford, 2011) . The biocides alkyl dimethyl benzyl 179 ammonium chloride, glutaraldehyde, and hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione have 180 been detected but only the latter was quantified (Ferrer and Thurman, 2015b; Orem et al., 2014) . 181
The triazine biocide was initially detected in flowback at very high levels (1.5 mg L -1 ) but 182 returned to very low levels (10 µg L -1 ) within one week of well operation (Orem et al., 2014) . 183
Phthalates have been identified in several flowback and produced water samples (Hayes, 2009 within the same study (Wolford, 2011) . 2,2,4-trimethyl-1,3,-pentanediol (solvent) and tridecane 192 (fuel component) were also traced in a Marcellus shale well across flowback and produced 193 waters, and while both peaked around the second day of flowback, both remained above 200 µg 194 L -1 in produced waters (Orem et al., 2014) . The gelling agent guar gum was analyzed for but 195 neither detected nor quantified in twenty-two Denver-Julesberg flowback and produced water 196 samples (Ferrer and Thurman, 2015b) . Bisphenol F and 2-butoxy ethanol were reported in a 197
Texas produced water sample , and a number of other additives have been 198
reported non-quantitatively in several shale plays including a dioctadecyl ester of phosphate 199 
Geogenic organic compounds from additives and/or shale 203
Ultrahigh resolution mass spectrometry has been used to identify more than 30,000 204 organic compounds in shale oil. 20, 22 Although shale gas is more aged than shale oil and likely 205 contains fewer organic compounds, interactions of the fracturing fluid with shale likely extracts a 206 very large number of geogenic organic compounds from both oil and gas producing wells. 207
Combined with a number of petrogenic additives such as petroleum distillates, kerosene, BTEX, 208 mixed alkanes, and naphthalenes, many geogenic compounds may be present in any given 209 flowback fluid or produced water. Indeed, more than a thousand geogenic organic compounds 210 have been identified in flowback and produced waters using GC-FID, GC-MS, and GCxGC- (Table S1 , Figure S1 ), including 216 data from two non-peer reviewed sources (Hayes, 2009; Wolford, 2011) . Dissolved methane as 217 well as other light gases including ethane, propane, and butane will not be discussed here as they 218
are by default present in productive wells. Overall, extractable hydrocarbons decreased in 219 concentration during flowback and were lowest in produced water in a large number of analyzed 220 samples (Orem et al., 2014) . In broad spectrum reports of organic compounds in flowback and 221 produced waters using various types of gas chromatography, aliphatic compounds were the 
Environmental Contamination 392

Contamination Events 393
In the peer-reviewed literature, specific organic compounds have been identified in 394 Based on geochemical fingerprinting tools, the authors concluded that the groundwater 466 contamination was likely due to surface spills associated with HVHF activities rather than via 467 subsurface contamination. Additionally, a disclosed additive, bis(2-ethylhexyl) phthalate, was 468 identified in the same two samples with the highest diesel related organic compounds 469 concentrations. Foaming was also observed in three residential drinking water wells in northern 470
Pennsylvania located in close proximity to HVHF wells (Llewellyn et al., 2015) . Commercial 471 laboratories were unable to detect any compounds during this known contamination event other 472 than methane that exceeded regulatory drinking water standards and recommendations, but 2-473 butoxyethanol was identified in the foaming waters using GCxGC-qTOF-MS. 2-butoxyethanol is 474 an ingredient in the Airfoam HD additive frequently used during HVHF (Llewellyn et al., 2015) . 475
In Weld County, CO, 218 groundwater samples were analyzed for BTEX following 77 476 industry reported spills of oil or produced waters. Following remediation at several sites, 477 benzene remained above the maximum contaminant limit for groundwater in 59% of sites, and 478 above these levels outside of the remediation area in 37% of sites (Gross et al., 2013) . In Garfield 479
County, CO, groundwater samples were collected in a high density shale gas drilling region and 480 analyzed for the endocrine disruption capacity (EDC) of the solid phase extracts of these fluids 481 (Kassotis et al., 2014) . In 39 samples, 89% of samples exhibited estrogenic activity, 41% anti-482 estrogenic, 12% androgenic, and 46% anti-androgenic activity; significantly higher than nearby 483 drilling sparse control sites. These high EDC activities were suspected to be related to 484 groundwater contamination due to HVHF activities from any of the more than 100 known EDCs 485 found in HVHF additives (Kassotis et al., 2014) . fracturing/stimulation approach (3) well age (4) water quality (bulk parameters, inorganics), we 642 suggest reporting additional information helpful in interpreting organic analyses: (5) Sample 643 location (well, separator, collection tank) (6) Sampling information (bottle type, head-space free, 644 storage conditions and duration). 645
Gas chromatography paired with mass spectrometry has been the most frequently used 646 technique for organic compound analysis of HVHF fluids and wastewaters. GC and GC-MS 647 have a large number of standardized methods for VOCs and SVOCs including oil and gas 648 compounds in HVHF fluids. Continued research on these compounds is critical in understanding 649 basin to basin variability, differences in HVHF techniques, and quantifying many known toxic 650 compounds (Elliott et al., 2017) . Quantification using standard methods is essential for tracking 651 the distribution of HVHF fluids and wastewaters when they accidentally enter the environment. 652
The Marcellus shale region is the dominant location of HVHF fluid samples analyzed for 653 organic compounds, followed by the Denver-Julesberg basin. Although the Marcellus is the 654 dominant shale gas producer, oil is not co-produced in this formation (Drilling Productivity 655
Report, 2017), indicating a lower complexity background organic carbon pool compared to a 656 shale oil (Bae et al., 2010) . Analysis of the Denver-Julesberg, Permian, and other co-producing 657 gas and oil basins will inevitably differ in their distribution of geogenic organic compounds 658 compared to gas-only basins. Future research should work to diversify basin coverage across gas, 659 oil, and co-producing basins to understand the variability in geogenic signatures and diversity of 660 HVHF fluid systems. Treatment goals and techniques also vary by basin and further 661 investigation into the removal rates of specific organic compounds of interest is needed across 662 treatment schemes developed across all basins (i.e., halogenated organic compounds, BTEX, 663 known toxic additives). 664 DOC concentrations compared to concentrations of specific organic compounds show 665 that a large portion of the organic carbon pool remains uncharacterized. Additional research 666 needs to build on recent progress developing new analytical methods that can overcome the 667 extremely complex high salinity matrix for known additives and identified transformation 668 products in these fluids, particularly using LC-MS techniques. Continued research using 669 alternative extraction methods and high-resolution non-targeted techniques will allow for the 670 identification of the diverse transformation products in HVHF fluids and wastewaters during 671 treatment as well as environmental contamination events. New standards must be made available 672 for known additives, geogenic organic compounds, and newly identified transformation products 673 to further progress in this field and gain a broad understanding of the fate of organic compounds 674 in HVHF. 675 
